ful, 30 to 40 per cent of the dose being removed by therapy instituted after 1 hour of exposure (31) . However, the amount of isotope mobilized was only slightly greater than the amount estimated to be present in the extracellular fluid. Therapy instituted after 12 hours removed less than 12 per cent of the remaining radiostrontium (31) .
The marked effect of sulfate infusion on the renal excretion of both calcium and magnesium (33, 34) suggested the use of sodium sulfate in order to accelerate strontium excretion. The mechanism by which sulfate augments the excretion of alkaline earth cations, discussed in a previous paper (34) , is apparently related to the formation of electrostatic ion-pairs, which differ from metalchelate compounds in that covalent bonding is not thought to occur (35) . Although the dissociation constant of the strontium sulfate ion-pair has apparently not been reported, it is probably close to the dissociation constants of the calcium sulfate and magnesium sulfate ion-pairs, both of which are approximately 0.06 M at ionic strength 0. 16 M (36) .
Therefore strontium ions, in common with calcium and magnesium ions, may be poorly reabsorbed by the renal tubules when paired electrostatically with sulfate ions. In this manner, renal excretion of strontium may be accelerated by sulfate infusion.
Even the complete removal of radiostrontium from the extracellular fluid by means of renal excretion would be of little benefit unless mobilization of isotope retained in the skeleton and in the tissues also occurred. It has been shown re- peatedly that the fraction of the remaining isotope in the blood stream falls rapidly without therapy (6, 8, 10-12, 21, 37, 38) . Schulert and co- workers (39) have recently reported that the soft tissues contain approximately as much isotope as the skeleton during the first few weeks. There are two ways in which an agent such as sulfate might mobilize skeletal deposits of radiostrontium. First, the removal of circulating isotope would lead to exchange between circulating calcium ions and radiostrontium atoms in the crystal lattice of bone. Secondly, the production of negative calcium balance and the reduced plasma concentration of free calcium ions would lead to some demineralization of bone. Similar considerations might apply to extraskeletal repositories of calcium and radiostrontium.
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The present experiments were conducted to determine the effect of sulfate infusion on the renal clearance and bodily retention of radiostrontium in dogs. Because of varying nutrition (and possibly age), the individual dogs differed in the amount of radiostrontium retained before sulfate infusion and therefore in the percentage mobilized during the infusion. Nevertheless, a uniform relationship between radiostrontium clearance and sulfate excretion was observed, irrespective of the interval before therapy, the percentage of isotope remaining, or the amounts of calcium and magnesium in the infused solution. At high rates of infusion, renal tubular reabsorption of strontium almost ceased.
METHODS
Carrier-free isotopes of strontium,' Sr' or Sr89, obtained as SrCl2 in HCl were appropriately diluted and injected intravenously into 9 female mongrel dogs weighing 10 to 18 kg. These animals, obtained from the pound, appeared to be healthy and fully grown but were in vary-1 Sr"5 was obtained from Nuclear Science and Engineering Corporation, Pittsburgh, Pa. Sr' was obtained from Oak Ridge National Laboratories.
ing states of nutrition. They were placed in metabolism cages and urine and stool collections begun. The dogs were fed their usual diet of pellets. During the clearance measurements, urine was collected by indwelling urethral catheters, and each sample was analyzed separately. The technique of the clearance experiments and methods of analysis of calcium, creatinine and sulfate are described elsewhere (34, 40, 41) . Stool samples were homogenized with water in a blender. Table I summarizes the isotope dosages, periods of infusion, and infusion composition in each experiment. One dog (R) was given a single injection but was treated on two successive occasions; these two experiments are designated R1 and R2. In five experiments (D, Q, T, S and V) one or two control collection periods preceding sulfate infusion were obtained. In all ten, isotope excretion was measured during sulfate infusion. The duration of the infusion varied from 2.5 hours in the animal treated 2.5 hours after injection, to 20 hours in the dog treated 1 week after injection; in the others, the duration of the infusion averaged 6 hours.
Sr85 was determined in a scintillation counter equipped with a well. The radioactivity of 2-ml samples of plasma, urine, or homogenized stool suspension, counted for 10,000 counts or more, was compared with that of an aliquot of the injected solution, after correction for background. Sr8" was determined by evaporating aliquots to dryness on planchets fitted with absorbent paper discs.
One ml of urine or an aliquot of the injected solution was mixed with 0.5 ml of normal plasma in the planchet in order to make self-absorption uniform; when plasma or stool suspension was analyzed, a 0.5 ml aliquot was mixed with 1 ml of water. Radioactivity was determined with an end-window GM counter. Duplicate aliquots of plasma samples yielded results differing by 1.5 per cent or less. RESULTS 1. The increase in radiostrontium excretion during sulfate infusion. In five of the ten experiments, control periods were obtained during which (Table II) . This increment cannot be attributed to washout of concentrated urine from the renal tubules and pelvis, since urinary strontium concentration either increased or fell only slightly. In one additional dog, infusion of hypertonic sulfate solution followed infusion of hypertonic glucose (Table III) . Despite falling urine flow, excretion of strontium (as well as calcium and magnesium) rose many fold when sulfate was administered.
In all of the dogs, the increase in radiostrontium excretion following infusion of sulfate led to a progressive decline in plasma radioactivity. Consequently, isotope excretion rate fell in subsequent collection periods. The effectiveness of sulfate (or of any other agent) in removing radiostrontium from the extracellular fluid is better evaluated by the change in isotope clearance, which in theory should be independent of isotope concentration.
2. The clearance of radiostrontiurn during sulfate infusion. In nine of the ten experiments, the renal clearances of radiostrontium, creatinine and sulfate were determined simultaneously during sulfate infusion. Strontium clearance was calculated without correction for protein-binding (see below). In normal dogs or humans, strontium clearance calculated in this manner has been reported to be two to five times calcium clearance, or approximately 3 ml per 100 ml of glomerular filtrate (GF) (6, 7, 11, 23) . In 14 collection periods in six normal dogs undergoing water, glucose or mannitol diuresis, radiostrontium clearance averaged 5 ml per 100 ml of GF. This value represents the tubular reabsorption of over 90 per cent of the filtered isotope.
During sulfate infusion, strontium clearance increased to unprecedented levels, reaching values over 60 ml per 100 ml of GF. The relationship between radiostrontium clearance and urinary sulfate excretion is depicted in Figure 1 . Both parameters are expressed per 100 ml of GF in order to compare animals of different size. Despite considerable variation in the size of the dogs and in the interval between isotope administration and start of therapy (see Table I ), a uniform relationship is observed, which appears to be linear. This relationship resembles that found between calcium clearance and sulfate excretion in dogs, reported previously (34) . A similar linear relationship is seen when radiostrontium clearance is plotted against plasma sulfate concentration.
3. The effect of other ions on the strontiuretic action of sulfate. Since it is known that administration of calcium leads to increased strontium excretion (8, 18, 24) , it was important to determine that the increase in radiostrontium clearance was not the result of the calcium present in most of the infusions. Therefore, two experiments (R2 and S) were performed without the addition of calcium to the infusions, and in three others (D, T and U), calcium was added only after several collection periods had been obtained (see Table I ).
One of these experiments is presented in detail in Table IV . In the first two blood samples, after starting the infusion of sulfate, plasma calcium is low due to omission of this ion from the infusion (34) . Nevertheless, the strontium clearances in these periods are 45 and 42 ml per 100 ml GF. When calcium was added, plasma calcium returned to normal but radiostrontium clearance remained about the same (47 and 44 ml per 100 ml GF).
Further documentation is provided in Figure 1 , where the collection periods have been identified as to the presence or absence of hypocalcemia, and also of hypermagnesemia. Since magnesium salts may lead to increased calcium excretion, some increase in strontium clearance might also result. There do not appear to be any clear-cut differences between strontium clearances measured under these various conditions. Although hypocalcemia may modify the results slightly, it is clear that the major determinant of radiostrontium clearance in these experiments is sulfate excretion. These conclusions apply to clearance per 100 ml GF or uncorrected clearance, since changes in filtration rate were minor. ions (as exemplified in Tables III and IV) were in accord with previously reported findings (33, 34) . A comparison of simultaneous clearances of alkaline earth cations under a variety of experimental conditions is under study. This relationship also did not appear to be affected by variations in plasma or urine pH, plasma potassium, or by the simultaneous infusion of mannitol, although a systematic study of these factors was not made.
4. The amount of radiostrontium mobilized by sulfate infusion. In Table V the ten experiments have been arranged in order of the interval between injection of isotope and commencement of the sulfate infusion. The fraction of the administered isotope remaining at the onset of therapy was determined as follows: Fecal excretion was measured directly in Dogs E, M, Q, R2 and U. In D, S and V, stools were not passed in the interval between injection of isotope and sulfate infusions. In R1 and T the stool samples were lost. Since fecal excretion of parenterally administered radiostrontium is, on the average, equal to urinary excretion in normal dogs (37) , the amount of isotope collected in the urine was doubled in these five experiments in order to obtain an approximate estimate of the radiostrontium excreted prior to treatment.
The percentage of the dose in the extracellular fluid was approximated by multiplying the percentage per liter of plasma at the start of the infusion by one-fifth of the body weight.
The percentage excreted in the urine during the infusion was measured directly. The data in Table II establish that only a small fraction of this amount would have been excreted during this period without therapy.
The amount excreted in the urine during therapy exceeds the amount of isotope estimated to be in the extracellular fluid by twofold or more in five of the ten experiments. Plasma radiostrontium concentration at the end of the infusion was usually about one-half of its value at the beginning, or less. These observations establish that part of the excreted isotope was derived from sources outside of the extracellular fluid, despite the approximations involved. The efficacy of therapy may be evaluated by calculating the percentage of the remaining radiostrontium removed. As (34) . In the presence of normal renal function, sulfate is cleared rapidly and is therefore less likely to produce overexpansion of the extracellular fluid than is isotonic sodium chloride solution.
It remains to be determined whether these restilts in animals can be duplicated in man. With respect to the effects upon renal clearance, there is little reason to doubt that a similar relationship obtains, since the effects of sulfate infusion upon calcium clearance are comparable in the two species (unpublished observation). The rate of removal of radiostrontium from the extracellular fluid may well be lower in man, because the increase in extracellular fluid volume from dog to man is several fold greater than the increase in renal excretory capacity. On the other hand, the extent of skeletal deposition of radiostrontium in well nourished adults is less (38) than that in the dogs employed in this study. The net effect of these various differences between the two species cannot be assessed. Schubert (5) has previously suggested that sulfate might be effective in promoting strontium excretion, by virtue of the lower solubility of strontium sulfate than calcium sulfate. This argument does not seem relevant because, unless carrier strontium is given, the product of strontium and sulfate concentrations in plasma or urine cannot conceivably approach the solubility product of this salt, 10-6.5 (at zero ionic strength and 250 C) (36) . The concentration of strontium in normal plasma is approximately 0.3 X 10-7 M (6). Furthermore, sulfate infusion has a comparable effect upon magnesium excretion (33) , despite the high solubility of magnesium sulfate. On the other hand, the reported effect of orally administered sulfate in decreasing the absorption of carrier strontium from the gut (42) is probably related to precipitation of SrSO4, since strontium concentration in the gastrointestinal contents is elevated under these conditions. A single ;animal given carrier-free Sr"0 and sulfate orally exhibited a 34 per cent reduction in skeletal Sr90 retention (43) . Here the observed result may have been due to an effect of absorbed sulfate on urinary excretion of strontium, or due to impaired intestinal reabsorption of the strontium sulfate complex.
The mechanism by which parenterally administered sodium sulfate promotes strontium excretion by the kidney is not entirely clear. (36) . 3) Sodium salts of other multivalent anions, such as ferrocyanide, also promote strontium excretion (unpublished observations).
The simplest interpretation is that strontium, when electrostatically paired with sulfate, is not reabsorbed by the renal tubules. However, it is difficult to conceive how this phenomenon can account for almost complete inhibition of radiostrontium reabsorption. Assuming that the dissociation constant of the strontium sulfate ion-pair is identical with that of calcium sulfate, only approximately one-half of urinary radiostrontium will be paired with sulfate, as calculated previously for calcium (34) . Yet strontium excretion is increased many fold. Further studies of the mechanism of this effect are needed.
Protein-binding of radiostrontium was determined (44) in 3 control plasma samples and in 13 samples obtained during sulfate infusion. The ratio of ultrafiltrate strontium to plasma strontium was calculated, ignoring corrections for plasma water and the Donnan factor, which are opposite in direction and magnitude. In the three control samples, ratios of 0.68, 0.69 and 0.67 were obtained. During sulfate diuresis, the mean ratio was 0.82 + 0.05 (SD). This decrease in protein-binding of strontium, previously found for calcium, is due to the increased ionic strength resulting from sulfate, as is demonstrated in results published elsewhere (45) . The difference between the ratio for radiostrontium and that for calcitm in the sane saniples averaged 0.06 ± 0.05 (SD, n = 10), i.e., calcium may be slightly more strongly bound to plasma protein than is strontium. Although this difference is of borderline significance statistically, these results are in accord with previous data (6, 7, 46) .
A clearance of radiostrontium of 82 ml per 100 ml GF would therefore indicate complete excretion of filtered isotope under the conditions of these experiments. The highest clearance observed was 64 ml per 100 ml GF, indicating excretion of approximately 80 per cent of the filtered isotope. No evidence for renal tubular secretion of strontium was obtained.
The minor influence of hypocalcemia upon the relationship depicted in Figure 1 seems surprising, since it is known that administration of calcium leads to augmented radiostrontium excretion. However, the calcium clearance in a sulfate-loaded animal, in contradistinction to that of a normal animal, is independent of the plasma calcium concentration (34) . Thus, calcium administration leads to an increase in calcium excretion, but under these conditions it fails to influence calcium clearance. Radiostrontium clearance is also unaffected (see Table IV ).
It does not necessarily follow that the efficacy of therapy is unaffected by the level of plasma calcium. Even though radiostrontium clearance remains constant, the rate of radiostrontium excretion during sulfate infusion may be related to the plasma calcium. This would be the case, for example, if radiostrontium were mobilized from skeletal deposits more rapidly in the presence of hypocalcemia. Attempts to settle this point were unsuccessful, because of the variability between dogs and the unpredictable rate of decline of plasma radiostrontium in any given dog. In practice, the addition of calcium to the infusion is necessary in order to prevent symptomatic hypocalcemia.
This mode of therapy of radiostrontium poisoning, therefore, does not fall in the category of "decalcification therapy" (3). It is possible that prolonged administration of sulfate in smaller dosage without calcium might accomplish a degree of skeletal demineralization which would prove effective in mobilizing long-standing skeletal deposits of radiostrontium or other radioelements. A preliminary study employing oral miethionine or thiosulfate to augment urinary sulfate excretion, has been reported in abstract form (1) . Calcium intake in this study was not reduced sufficiently to permit a large negative balance to occur. In theory, however, any degree of skeletal decalcification can be induced by prolonged sulfate administration, as for example by intravenous injections of hypertonic sodium sulfate several times daily. The question is whether skeletal radiostrontium deposits will be mobilized early or late in such a procedure; in other words, whether the ratio of radiostrontium to calcium in the urine will pass through a peak value soon after instituting therapy or remain at a low value indefinitely. This problem remains to be elucidated.
The properties of an ideal agent for removing radiostrontium have been discussed by Schubert (5) . It was assumed that the fraction of circulating strontium bound by the agent was a measure of its efficiency. More practical criteria should include two properties; the maximum strontium clearance attainable and the rate of removal of radiostrontium from bone. With respect to the former criterion, sulfate appears to be unexcelled; however, it is distinctly limited in its ability to mobilize skeletal deposits. The combined use of sulfate and skeletal dimineralizing agents may prove to be an effective form of therapy for radiostrontium poisoning.
SUM MARY
Carrier-free isotopes of strontium, Sr85 and Sr89, were injected intravenously into dogs. At intervals of 2.5 to 168 hours later, solutions containing sulfate were infused for 2 to 20 hours. The rate of urinary radiostrontium excretion immediately increased 6-to 40- twice the aniount estimated to be in the extracellular fluid, indicating that deposits of radiostrontium were mobilized from the skeleton and/or the tissues.
